The use of high doses of radiographic contrast agents for both angi ography and contrast-enhanced co mputed tomography (CT) has been advocated with increasing freq uency [1] [2] [3] [4] [5] . For CT , intravenous injections of diatrizoate meglumine-60 or its equivalent have been given in doses approach ing and even surpassing 4 ml / kg (1 ,13 g I/ kg) body weight. The trend toward the more liberal use of contrast material is based on the presumption th at inc reased diagnostic accuracy is achieved with little or no added risk to the patients at these higher doses , Contrast agents can have potentially adverse effects on the central nervou s system through their impact on the blood-brain barrier (SSS) [6, 7] . It has been shown th at high-osmol ar solutions, such as contrast material , can shrin k th e capillary endothelial ce ll s and thereby open tight junctions [8, 9) . Th e opening of these junctions allows leakage of contrast materi al from the vascular compartment into the parenchyma , where the contrast material is neurotoxic [10) . In addition, contrast material may pass through the membranes of the intact endothelial cells where its movement is primarily dependent on its lipid solubility [6) . Other less well understood mechanisms that might allow contrast mate ri al to cross the SSS include pinocytosis and active transport systems.
It has generally been assumed that intravenous injections of contrast materi al are almost non neurotoxic, and, therefore , stud ies on the effects of contrast agents on the permeability of the SSS have concentrated on intracarotid [10- 1 2] or intracisternal injections [13) . However, so me reports have indicated th at intravenous contrast mate ri als, espec ially in individu als with fo cal brain disorders, might result in seizures [14 , 15) . This study was undertaken to assess th e effects that various high doses of intravenous contrast age nts might have on the integrity of the SSS in young , healthy mongrel dogs.
Materials and Methods
Th irteen health y mongrel dogs, eac h weighing about 15 kg , were used in this stud y, The dogs were divided into four groups, Th e first group of three dogs received 3 ml of contrast materi al (di atrizoate meg lu mine-60: iod in e conten t 282 mg / ml , osmolarit y 1,500 mOsm / L) per kilogram body we ight (0 ,85 g I/ kg); a second group of four dogs received 4 ml / kg of co ntrast materi al/kg (1 .13 g I/ kg) ; a third group of three dogs received 6 ml of contrast material /kg (1.7 g I/ kg); and a fourth group of three dogs acted as controls. In each group , a vital dye (Evans blue) was also injected so that areas of BBB d isruption observed in brain specim en could be correlated w ith the corresponding CT scans.
All th e dogs were anesthetized with intravenou s pentobarbital (30 mg /kg ), intubated , and control-ventilated w ith 100% oxygen. Th e animals were then immobi li zed supine on a CT tab le. Electrocard iographi c leads were placed and an intraarterial line was established to permit constant monitoring of blood pressure and arterial blood gases. Arteria l blood gases were maintained at physiolog ic levels to avoid th e in advertent effects of hypoxia, hypercapnia, and acidosis on th e BBB [16] [17] [18] [19] .
A blood sample (3 ml) and a coronal CT scan through the posterior part of the frontal lobes, anterior part of the temporal lobes, and th e body of th e lateral ventricles were obtained immediately before th e intravenous injection of 3% Evans blue (4 ml / kg) and at 0, 3, and 7 min after th e injection . Ten minutes after the injection of Evans blue the prearranged dose of contrast material was intravenously administered over 90 sec . Add itional blood samples and CT scans at 3, 7, 10, 20, 30, 40, 50, and 65 min were taken after the injection of contrast material. CT scans were obtained on a Technicare 2020 using a 512 x 512 format. The scans were obtained with a 4 mm coll imator at 120 kVp, 50 mA, and 8 sec.
In ord er to c hallenge the BBB with a concentration of contrast materi al, an attempt was made to maintain a constant blood-iodine level throug hout th e last 45 min of th e study . This was ac hieved by beginning an infusion of diatrizoate meg lumine-60 20 min after th e initial bolus of contrast material. The infusion was based on th e dilution c urve for th at partic ular group of animals, the we ight of th e animal, and th e concentration of co ntrast material. For example , in a 15 kg dog whose initial bolus was 4 ml / kg , the perfusion was perform ed at a rate of about 0.4 ml/ min [17) . The dog thu s received anoth er 18 ml of contrast materi al during th e fin al 45 min of the stud y. Th e abi lity to maintain steady-state blood-iodine levels was evalu ated by CT scann ing the blood samples and noting the variation s in attenu ation va lues. By thi s it was insured that blood-iodine levels obtain ed after infusion remained rel ative ly constant and did not exceed th e levels obtai ned by bolu s injection s. At the conclusion of th e experim ent , th e dogs were sacrificed and their brains were removed , fi xed, and examined .
To simplify q uantitative analys is and eliminate bias in th e evaluation of CT attenuati on changes th e pro cess was automated [20) . Each brain scan was automati cally divided into a left and a right hemisphere. Each hemi sphere was in turn divided into four concentri c ring s; each ring was th en divided into 10 subcompartments. Th e mean attenuation va lue for each subcompartment and its standard deviation was th en record ed in a printout. Th e initial and the fin al infusion printouts were compared to determine which subcompartment showed maximal enhancement. Th e intervening time printouts during th e last 45 min of th e ex perim ents were also id entified , recorded, and graphed . Thu s, in eac h experiment , th e attenuati on value obtained at 20 min was used as a baseline va lue with which subsequent values were compared. Th e values during th e initial 20 min after th e injec ti on of contrast materi al were omitted because of th e rapid c hanges in th e attenuation va lues th at corresponded to th e dilution of co ntrast materi al in the body. Exc luded from thi s stud y were the midline subcompartments that contained vessels and th e lateral ventric les.
Th e CT images were compared with th e gross brain specimens and to brain sections studi ed by light mi croscopy. In selected cases, tran smission electron microscopy was also carried out. The dogs that were studied by electron microscopy received horseradish peroxidase as a marker of BBB breakdown .
Results
The dogs that received 3 ml/ kg of contrast material and the control dogs showed no BBB breakdown , either on the CT scans or in their brain specimens. In the 4 ml / kg group, two of the four dogs showed a rise in attenuation values after contrast administration ( fig . 1) . One of these (dog 19) showed areas of focal enhancement in the cortex that correlated well with areas of Evans blue staining in the gross specimens; there were also small areas of staining in the thalamus ( fig. 2) . The other dog showed one small area of stain ing in the cortex. One of the three dogs in the 6 ml/ kg group showed a marked rise in atten uation values after contrast adm inistration ( fig. 3) . The disruption of the BBB in th is 6 ml / kg dog was more generalized than in the 4 ml / kg dogs.
The greatest increase in mean attenuation values of corresponding subcompartments was seen in the group that received 6 ml/kg of contrast material (fig. 4 ). The group that had received 3 ml / kg showed no increase, whi le the 4 ml / kg group showed an increase intermediate between that of the 3 ml / kg and that of the 6 ml/ kg groups . A limited comparison between the dogs that showed defi nite Evans blue staining in at least one part of their brains revealed an increase of 11 Hounsfield units (H) in the 4 ml / kg group and of 22 H in the 6 ml / kg group.
Histologic examination of brain sections showed no evidence of petechial hemorrhage that might account for the observed attenuation rises . Limited electron microscopic study showed no definite passage of horserad ish peroxidase through tight junctions into the extravascu lar compartment. There was, however, some swelling of astrocytic foot processes in the dog that received 6 ml/ kg of contrast material ( fig. 5) . 
Discussion
Intracarotid injections of contrast media may re sult in BBB disruption because of th ei r osmotic effect [10-1 3] . In ad dition , intraarteri al injection of co ntrast medi a can result in hemodynamic and hem atologi c alterations th at can potentially affect the BBB [21 , 22] . Fin ally, in prolonged or repeated injections , hypoxia may also result , which in itself may alter BBB permeab ility , While it has been generally accepted that contrast media administered intravenou sly pose far less risk to th e ce ntral nervous system than doses given intraart eriall y, the effects of intravenous contrast medi a on th e central nervo us syste m have not been adequately studi ed. With th e increasing use of high doses of intravenous contrast media for CT and digital studi es, th e question of the neural toxic ity has become of more than academi c interest. Our study shows that 4 ml /kg (1.1 3 g I/kg), a dose level th at is c urrently employed clini cally, appears to break down the BBB in some dogs. These results, wh ich were obtained in anim als with out central nervous system lesions, suggest wh at may occur in the norm al hu man brain . Wi th regard to high-d ose studi es in hum ans, a q uestion mig ht be raised as to wh ether so me of th e ad ditio nal enhanced areas not seen with lower doses mi ght have bee n prod uced iatroge ni call y.
Advocates of hi gh doses of intravenous contrast medi a for CT have suggested th at hi gh contrast levels mi ght break down th e BBB in areas of focal di sease and , thu s, improve the detectability of th ese lesions [1, 3 , 5] . Thi s advantage is, however, countered by th e kn own neurotox icity of ioni c water-so luble contrast age nts on brain parenc hym a, and the effects of hi gh intraveno us doses on the BBB . In pati ents with focal changes, the passage of contrast materi al into the extravasc ul ar space may occasionally result in acute changes such as seizure [1 4, 15, 23] . In pati ents with nonn eop lasti c brai n diseases, extravasati on of ionic contrast material may damage brain parenchyma and adversely affect th eir long-term prog nosis [24, 25] .
